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Abstract

Anexperimental investigation has been conducted of
the isothermal mixing of a turbulent jet injected perpendicular
toauniform crossflow through several different types of sharp-
edged orifices. Jet penetration and mixing was studied using
planar Mie scattering to measure time-averaged mixture frac-
tion distributions of circular, square, elliptical, and rectangular
orifices of equal geometric area injected into a constant veloc-
ity crossflow. Hot-wire anemometry was also used to measure
streamwise turbulence intensity distributions at several down-
stream planes. Mixing effectiveness was determined using (1)
a spatial uninixedness parameter based on the variance of the
mean jet concentration distributions and (2) by direct compari-
son of the planar distributions of concentration and of turbu-
lence intensity. No significant difference in mixing perfor-
mance was observed for the six configurations based on
comparison of the mean properties.

Nomenclature

R

angle between longest dimension of
orifice and axial direction
A orifice area
A, cross-sectional area of mainstream duct at
injection location
AR orifice aspectratio=L /W
d orifice diameter
Cpe (@j/my)/(1+m;/my)
Cs orifice discharge coefficient
J jet-to-mainstream momentum-flux ratio
= (p; VD! (P Unain?)
L long dimension of orifice
m; mass flow of the jet
my, mass flow of the mainstream
P density of the jet
Pm density of the mainstream
Us spatial unmixedness parameter (see Eq. 2)
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jet VClOCity = mJ/ (p,l A,Cd)

mainstream velocity

short dimension of orifice

downstream coordinate, x = 0 at the leading
edge of the orifice

cross-stream coordinate (horizontal)
cross-stream coordinate (vertical)

“ Ec_<

N <

Introduction

Crossflow mixing is employed in many applications.
Generally the objective is to rapidly obtain a homogeneous
mixture of the injectant and mainstream. The degree and rate
of the mixing process is especially important in combustion
applications since burning efficiency and exhaust composition
directly depend onmass transferand reactionkinetics. Whereas
kinetics are difficult to control, the mixing process is easily
affected by any number of parameters and optimization of that
process for combustor design has been the topic of several
recent investigations™',

The use of orifice shape to passively control the
mixing process has been studied in non-reacting and reacting
systems, and the ability of noncircular, low aspectratio orifices
to augment mixing rates in these systems has been demon-
strated®*. The increased mixing rate is attributed to genera-
tion of "scales” which are smaller than those created by round/
circular shapes. The resultis increased mixing on a molecular
scale which increases reaction rate. Most previous studies of
noncircular orifices use nozzles to generate inlet boundary
conditions with components of axial vorticity. The jet then
exhausts into a quiescent surrounding. The present investiga-
tion is concerned with injection into a crossflow for use in gas
turbine combustors where multijet arrangements would be
nsed for modification of the mainstream.
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Figure 1: Experimental Configuration used to Measure Planar Concentration Distributions

Experimental

The mixing experiments were performed ina 5" x 5"
horizontal windtunnel with provision for jet injection through
one wall as shown in fig. 1. The air for the crossflow was
supplied by a blower attached to the tunnel inlet with an 8"
diameter flexible duct. The inlet/settling sectionwas 17"x17"
and contained a dense "furnace” filter to distribute the flow,
followed by a honeycomb and a series of 2 wire-mesh 50%
open screens for flow conditioning. The 17" x 17" cross
section then contracted on all four sides by a 31d order polyno-
mial to the 5" x 5" test section. The crossflow/mainstream
velocity was set at 21.8 ft/s and velocity variation across the
test section was less than 5%. Turbulence intensity was 1%.

Thejetenters the tunnel through asharp-edged (0.125"
thick) orifice machined into an interchangeable bottom wall.
The other three walls of the test section are 0.125" thick plate
glass. The jet flow originates ina4" x4" x 5" plenum attached
to the bottom of the test section. The mass flow into the plenum
was maintained at 0.0096 1bm/s using a laminar flow element.

Table 1 identifies the 6 orifice configurations that
were tested. Note that configuration C & Dand E & Fare the
same orifice shape rotated 90 deg. The physical area of each
orifice was 0.44in. Discharge coefficients (Cy ) were mea-
sured in a separate apparatus for each orifice plate at the mass
flow rate used in the investigation. The C4 of each plate was
found to be 0.67 resulting in a bulk jet velocity of 62.5 ft/s. The
jet-to-mainstream momentum-flux ratio (J) was therefore 8.2.
This J was chosen so that the jets would have a trajectory that
roughly followed the midpoint of the tunnel and avoid wall
contact. The Reynolds number of the jet was typically 24000.

Mie scattering was the primary diagnostic used to
optically measure jet mixture fraction distributions in planes
parallel and perpendicular to the duct axis. The planar digital

imaging technique (see Ref. 12) is applied by marking the jet
flow with an oil acrosol (um sized particles). A light sheet
(0.02 inch thick) is created using a 2W argon-ion laser and a
rotating mirror. The flow field was illuminated to acquire
planes oriented in either: (1) a side view, by passing the light
sheet through the orifice centerline in the axial direction, or (2)
the end-on view, by passing the light sheet through planes
perpendicular to the injection wall (y-z plane) at various axial
locations. An image intensified thermo-electrically cooled
CCD camera fitted with standard 35mm lenses was used to
record the scattered light intensity. For the side views the

Orifice Aspect Ratio | Angle
Configuration Shape | Width x Length (AR) (o)
y

A 0.75x0.75 1:1 0

B 0.66 x 0.66 1:1 0

Cc O 0.53x 1.06 2:1 0

D (D | roexos 2:1 90

E O 0.49x0.99 2:1 0

F D 0.99x0.49 2:1 9%

Table 1: Sharp-edge Orifice Configurations



camera was focussed through the side window on the illumi-
nated plane. For the end-on view the camera was located inside
the duct 2 ft downstream of the orifice midpoint. The camera
was programmed to make exposures coincident with the sweep
of the beam through the flow field. The mean concentration
distributions were acquired over 15 seconds and represent the
time-average intensity of about 2000 instantaneous distribu-
tions which were then digitized in a 380 x 380 pixel format
(pixel size = 0.013" x 0.013" x 0.015") and sent to a computer
for storage. The scattered light intensity is proportional to the
number of particles in the measurement volume. If only one of
two streams is marked (in this study the jet fluid), the light
intensity of the undiluted marked fluid represents mole fraction
unity.

In addition to the optical measurements, a series of gas
sampling probe measurements were made to provide indepen-
dent calibration of the Mie scattering distributions. A methane
tracer was introduced into the jet fluid and a total hydrocarbon
analyzer was used to detect the methane. For those measure-
ments a0.125" diameter stainless steel probe was mounted on
aplatform that could be moved both vertically and horizontally.
While the downstream location (x-direction) was positioned
manually, a stepper motor moved the probe in 0.125" incre-
ments throughout the y-z plane under computer control. A
delay of 2 seconds at each station was sufficient to purge the
sample line. The on-line total hydrocarbon analyzer continu-
ously measured the methane concentration which was com-
pared with the reference concentration to obtain jet mixture
fraction at 1369 data points.

Mean flow velocity in the streamwise direction and
the rms value were obtained using a linearized constant tem-
perature hot-wire anemometer. A single wire oriented perpen-
dicular to the mainstream flow was traversed in a fashion
similar to the gas sampling probe described in the previous
paragraph. Average quantities were recorded at 440 points/
plane and turbulence intensity is reported. The probe orienta-
tion was not varied, therefore only velocity components in the
streamwise direction were measured. Although the probe
response was 13kHz, spectra were not recorded.

Results and Discussion

Mean concentration distributions for the six orifice
configurations are shown in Fig. 2 (next page). The distribu-
tions are side views, the x-z plane bisecting the orifice and
parallel to the mainstream flow direction. A 10-level color
scale is used torepresent contours of jet mass fraction from 0 to
1.0 (pure mainstream fluid colored red = 0 and pure jet fluid
colored dark blue = 1.0, note that the acquired data has a
resolution several orders of magnitude greater than that dis-
played by the contour plot). Mainstream flow is from left-to-
right and the jet obviously enters from the bottom left. A plan

view of the orifice shape is displayed in the upper left corner.
The images are cropped so that the left side begins at x =0, the
leading edge of the orifce, and the right side is at x/d = 5.5
(where d = the diameter of an equivalent area circle).

The white line through each figure, which starts at
the orifice midpoint and bends with the jet, is the same in each
of the six plots. It corresponds to the trajectory of the round
orifice, i.e. configuration A. Trajectory is defined as the line
that intersects the maximum jet concentration as a function of
downstream distance. The black line plotted on the round
orifice data (configuration A) is the trajectory predicted by an
empirical correlation reported by Holdeman?¢ for the
centerplane temperature trajectory of a single heated jet in
crossflow:

20=0.76 (pjfpg)®15 1052 (Y27 N

The observed trajectory bends more quickly than the predic-
tion, but overall the agreement is good. All of the configura-
tions except C and E are quite similar in trajectory and overall
flow featutes. Configurations C and E are slightly different in
trajectory and in the wake region directly behind the jet. These
configurations have slower mass addition due to their longer
axial length. If the origin of the trajectory curve was moved
nearer to the leading edge, instead of at the orifice midpoint,
the same trajectory curve would closely approximate all of the
configurations.

In order to study mixing performance, end-on views
(planar cross sections of the flowfield perpendicular to the
mainstream flow direction) were acquired at several down-
stream locations for each orifice configuration. A series of jet
mixture fraction distributions obtained by Mie-scattering are
displayed for the circular orifice (configuration A) as a func-
tion of downstream position inFig. 3. Againa 10 colorcontour
plot is used to represent jet mixture fraction. Pure mainstream
fluid outside of the region of jet/mainstream interaction is not
plotted (it would be all red) to highlight the mixing region. The
box surrounding the distributions represent the duct which
confines the jet. From this view the development of a pair of
counterrotating vortices, characteristic of a jetin crossflow, are
observed. Spreading of the jet and a decrease in the maximum
concentration are also indicated.

In fig. 4 jet mixture fraction distributions of the
configurations shown in Table 1 are compared at 4 down-
stream positions. The downstream position is indicated on the
figure as a non-dimensionalized distance where the axial
distance is normalized by the orifice diameter (x/d). For the
non-circular orifices the equivalent round orifice diameter is
used for normalization. In these plots again only the jet/
mainstream mixing region is shown. The primary difference
between the distributions is the rate of development of the
counterrotating vortices. The development is the mostrapidin
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Figure 2: Side View of the Average Jet Mixture Fraction Distribution
for the Six Orifice Configurations in Table 1
(left side of each figure is x/d = 0, right side is x/d = 5.5,
where d is the diameter of an equivalent area circle)
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Figure 3: End-on View of the Average Concentration Distribution Downstream of a Round Orifice

configurations C and E, the aligned ellipse and aligned slot,
followed by the circle, square, and transvers ellipse and slot. It
is surprising that although the development of vorticity appear
to be quite different, the overall degree of mainstream entrain-
ment, i.e. mixing performance, appears to be similar in each
case. Apparently althoughlow mainstream blockage increases
the degree of counterrotating vorticity, the slower mass addi-
tion rate is offsetting. Therefore the net entrainment as a
function of downstream distance is equivalent.

The results of the methane tracer analysis are shown
infig. 5for thefirst 4 orifice configurations. The plottingis the
same asinfig. 4. Note the spatial resolution is very coarse, but
the overall qualities of the flowfield are still apparent. In
general the agreement of the two data sets is very good. The
ordering of development of vorticity is shown to be the same
and the net mixing performance is seen to be quite similar.

In a two-stream mixing problem the fully mixed
concentration is defined by the jet-to-mainstream mass flow
ratio. A measure of the mixing rate can be obtained by
comparing the jet mixture fraction distribution at any down-
stream plane to the fully mixed value. Inref . 11 the authors
developed a measure of unmixedness based on the variance of

the concentration distribution, defined as spatial unmixedness:

| ST S (2)
Cavg( k= Cavg)
where,

L % i 2

Cvar = o~ Z (G- Cavg)
i=1

= spatial concentration variance

C; = time-average concentration at a pixel
Cavg = fully mixed concentration

Ug = 0 corresponds to a perfectly mixed system, and
Ug = 1 a perfectly segregated system. The denominator is the
maximum concentration fluctuation that can occur at the
specified fully mixed concentration. Normalizing by this
factor allows Ug values to be compared regardless of the jet to
mainstream mass flow ratio of the system. Therefore, this
parameter allows comparison of the relative mixing effective-
ness of each configuration reported herein and comparison to
other configurations with different mass flow ratios,where d =
the diameter of an equivalent area circle i.e. multijet arrange-
ments.



x/d=0.83 1.17 1.49 2:16
Configuration A: round

x/d =0.77 1.11 1.44
Configuration B: square

jet
mass
fraction
1.0

x/d = 1.04 137 1.71 237
Configuration C: ellipse aligned

x/d=1.02 1.35 1.69 2.02
Configuration D: ellipse transverse

183 1.66 233
Configuration E: slot aligned

x/d =0.66 0.99 1.33
Configuration F: slot transverse

Figure 4: Comparison of End-on Jet Mixture Fraction Distributions
(axial locations are non-dimensionalized by d, the equivalent round orifice diameter)
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x/d=0.35 0.71 133 2.67

Configuration D: ellipse transverse

Figure 5: Comparison of Jet Mixture Fraction Distributions (gas sampling)
(axial locations are non-dimensionalized by d, the equivalent round orifice diameter)
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Spatial unmixedness as a function of downstream
position for the configurations in Table 1 are shown in figs. 6a
and 6b. These curves agree with the conclusions reached by
comparison of the distributions shown in figs. 4 and 5. Al-
though the mixing rates are slightly different, they are not
substantially different.
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Figure 6a: Comparison of the Spatial Unmixedness of
Circular and Noncircular Orifices (configurations A - D)
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Figure 6b: Comparison of the Spatial Unmixedness of
Elliptical and Slot Orifices (configurations C - F)
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To further characterize the flowfield and investigate
the fluctuating properties, a hot-wire anemometer was used to
measure the turbulence intensity in the streamwise direction at
several downstream planes for all of the configurations in
Table 1. Turbulence intensity is defined as the rms velocity/
mean velocity. In fig. 7 the results are presented as contour
plots where red represents the highest fluctnations (60%) and
black the lowest. The figures represent 2.5" x 2.5" areas
centered around the orifice with the bottom of the figure
starting at the injection plane (z = 0).

At the first downstream station, which is a plane

. through the midpoint of the orifice, the highest levels, which

are about 20%, are at the interface of the jet and mainstream.
Fluctuations in the core regions directly above the jet are low.
The levels and distributions are independent of the configura-
tion. At the trailing edge very high levels are indicated in the
wake region for each configuration. Since only a single
velocity component was resolved, these measurements are
probably biased by intermittency and recirculation in that
region, Farther downstream at the 1" and 2" locations the
distributions become symmetric about the orifice midpoint
and the highest flucuations are now centered in the plume of the
jet. It is surprising that the overall agreement between the
configurations is so similar. This would indicate that on
average each of the configuration generates similar vorticity in
the streamwise direction. The result is consistent with the
similarity in entrainment rates indicated by the concentration
distributions.

Conclysions

+ Based on the mean concentration distributions, turbulent
mixing was not affected significantly by orifice shape.

» Mean concentration trajectories are similar independent
of orifice shape.

» Concentration distributions are similar whether mea-
sured by Mie scattering or by probes.

» Measurements of turbulence intensity indicated that the
distribution and level of fluctuation was similar for each

shape.

» More detailed analysis using multicomponent hot-wires
to resolve the 3D flowfield are necessary to determine the
effect of orifice shape on turbulence length scales. Spectra
and cross correlations are necessary.
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Figure 7: Turbulence Intensity Distributions for the Six Orifice Configurations in Table 1
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